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In LaAlO3/SrTiO3 heterostructures, a commonly observed but poorly understood phenomenon is
that of electron trapping in back-gating experiments. In this work, by combining magnetotransport
measurements and self-consistent Schro¨dinger-Poisson calculations, we obtain an empirical relation
between the amount of trapped electrons and the gate voltage. We find that the trapped electrons
follow an exponentially decaying spatial distribution away from the interface. However, contrary
to earlier observations, we find that the Fermi level remains well within the quantum well. The
enhanced trapping of electrons induced by the gate voltage can therefore not be explained by a
thermal escape mechanism. Further gate sweeping experiments strengthen our conclusion that
the thermal escape mechanism is not valid. We propose a new mechanism which involves the
electromigration and clustering of oxygen vacancies in SrTiO3. Our work indicates that electron
trapping is a universal phenomenon in SrTiO3-based two-dimensional electron systems.
The capability of controlling the electronic properties
of a material by applying an external voltage is at the
heart of modern electronics. In particular in oxide het-
erostructures, there is a constant search to manipulate
their novel functionalities with an externally applied elec-
tric field [1]. The most well-known example is the quasi-
two-dimensional electron gas (Q2DEG) discovered at the
interface between LaAlO3 (LAO) and SrTiO3 (STO) [2].
The Q2DEG exhibits intriguing physical properties, such
as superconductivity [3], signatures of magnetism [4–6]
and even their coexistence [7, 8]. Additionally, due to the
large permittivity of the STO substrate [9], the carrier
density and mobility of the Q2DEG can be modulated
by a back-gate voltage (VG). Gate-tunable insulator to
metal transitions [10], insulator to superconductor transi-
tions [11] and Rashba spin-orbit interactions [12, 13] have
been reported. At the LAO/STO interface, the Q2DEG
is confined in a quantum well (QW) on the STO side and
the band structure is formed by the Ti t2g orbitals. For
LAO films grown on STO (001) substrates, the dxy band
lies below the dxz,yz bands in energy [14–16]. Applying
VG across the STO substrate changes the carrier density
in the QW. A Lifshitz transition occurs when the Fermi
level is tuned across the bottom of the dxz,yz bands [17].
In back-gating experiments, a commonly observed phe-
nomenon is that the sheet resistance (Rs) follows an ir-
reversible route when VG is swept first forward (increas-
ing VG) and then backward (decreasing VG) [11, 18–22].
The explanation as given by Biscaras et al. [19] is that
the Fermi level lies intrinsically close to the top of the
QW. High-mobility electrons escape from the QW and
get trapped in STO when the carrier density is beyond
a threshold. But the relations between the amount of
trapped electrons, their spatial distribution, and the gate
voltage are still unknown. In this Letter, we study these
relations by combining magnetotransport measurements
and self-consistent Schro¨dinger-Poisson calculations. We
find that the earlier proposed thermal escape mechanism
cannot be reconciled with our results. We perform fur-
ther gate sweeping experiments which strengthen this
conclusion. We propose a new mechanism which involves
the electromigration and clustering of oxygen vacancies
in SrTiO3.
The back-gating experiments were performed on Hall
bar devices as depicted in the inset of Fig. 1(a). The
length and width are 1000µm and 150µm, respectively.
First, a sputtered amorphous AlOx hard mask in form
of a negative Hall bar geometry (thickness ∼15 nm) was
fabricated on a TiO2-terminated STO (001) substrate by
photolithography. Then, 15 unit cells of LAO film were
deposited at 800 ◦C in an Ar pressure of 0.04 mbar by 90◦
off-axis sputtering [23]. Finally, the sample was in situ
annealed at 600 ◦C in 1 mbar of oxygen for 1 h. The back-
gate electrode was formed by uniformly applying a thin
layer of silver paint (Ted Pella, Inc.) on the back of
the substrate. The detailed device fabrication process is
described in the Supplemental Material [24]. The longi-
tudinal resistance (Rxx) and transverse resistance (Rxy)
were measured simultaneously by standard lock-in tech-
nique (f = 13.53 Hz and iRMS = 1.0 µA). Magnetotrans-
port measurements were performed under different VG
at 4.2 K in a superconducting magnet with the magnetic
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FIG. 1. (a) VG dependence of sheet resistance (Rs) at 4.2 K.
The solid circles are Rs(B = 0) in magnetoresistance curves.
The blue, green and red arrows indicate the irreversible for-
ward sweep (FSirrev), backward sweep (BS), and reversible
forward sweep (FSrev), respectively. Two BSs were performed
at 50 V (V max1G ) and 200 V (V
max2
G ). The gray dashed line in-
dicates the metal-insulator transition (MIT). The inset shows
a schematic of the Hall bar device. Source and drain are
labeled as S and D. The longitudinal resistance (Rxx) is mea-
sured between V+ and V− and the transverse resistance (Rxy)
between VH and V−. VG is applied between the back of the
substrate and the drain. (b) VG dependence of the carrier
density in different sweeping regimes. The blue and red cir-
cles represent the carrier density of the dxy band (nxy) and
dxz,yz band (nxz,yz). The black circle is the total carrier den-
sity (ntot) which is the sum of nxy and nxz,yz.
field swept between ± 15 T. The maximum applied VG
was +200 V and the leakage current was less than 1 nA
during the measurement.
The device was cooled down to 4.2 K with VG
grounded. Fig. 1(a) shows the VG dependence of the
sheet resistance, Rs. VG was first increased from 0 V to
50 V (V max1G ), resulting in a decrease of Rs. This sweep
is called an irreversible forward sweep (FSirrev), because
Rs increased above the virgin curve when VG was swept
backward. The backward sweep (BS) led to a metal-
insulator transition (MIT), which is consistent with ear-
lier reports [20, 25]. After the onset of the MIT, defined
from the phase shift of the lock-in amplifier increasing
above 15◦, VG was further decreased to completely de-
plete the QW. When VG was swept forward again, Rs
followed the same route as the BS. Therefore the lat-
ter forward sweep is named a reversible forward sweep
(FSrev). Another BS was performed at 200 V (V
max2
G ).
It can be seen that Rs increased faster in BS1 than in
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FIG. 2. (a)-(b) VG dependence of the calculated gate-induced
total charge density (ntotG , purple), trapped charge density
(ntrG, yellow), mobile charge density (n
m
G , green) and measured
gate-induced mobile charge density (nmG Exp., open black cir-
cle) in (a) FSirrev and (b) BS regimes. The inset of (a) shows
an illustration of the interface for Schro¨dinger-Poisson calcu-
lations. (c)-(d) VG dependence of S-P calculated (solid circles)
and measured (open circles) nxy (red), nxz,yz (blue) and ntot
(black) in (a) FSirrev and (b) BS regimes.
BS2, and the reason of which will be discussed later.
Fig. 1(b) shows the VG dependence of the carrier den-
sity of both dxy (nxy) and dxz,yz (nxz,yz) bands and the
total carrier density (ntot). The values were extracted
by fitting the magnetotransport data with a two-band
model [24, 26]. It can be seen that only the dxy band
was occupied at 0 V. In FSirrev1, electrons were added
into the QW and the Lifshitz transition occurred at a
carrier density (nL) of 1.51× 1013 cm−2, which is close
to earlier reported values [17]. In BS1, ntot decreased
to 1.33× 1013 cm−2 at 10 V, which is the onset of the
MIT, comparable to the earlier reported carrier density
(0.5 – 1.5× 1013 cm−2) for the MIT [27]. In FSrev1, the
carrier densities of the bands were tuned reversibly as in
BS1 and the system was fully recovered when 50 V was
reapplied. In FSirrev2, ntot saturated at 2.17× 1013 cm−2
beyond 125 V. In BS2, the MIT occurred at 110 V with a
carrier density of 1.65× 1013 cm−2, which could be due to
the Hall bar contacts becoming insulating faster than the
channel [28]. A noteworthy feature is that the amount
of gate-induced trapped electrons is independent of the
number of backward sweeps and is only related to V maxG .
First, we study the relation between the amount of
trapped electrons and the gate voltage. In a back-gating
experiment, the total amount of electrons (ntotG ) induced
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FIG. 3. (a)-(c) S-P calculated confining potential profile (solid line), Fermi energy (dotted line), and spatial distribution of
mobile electrons occupying dxy (red) and dxz,yz (blue) bands at (a) 0 V, (b) 50 V and (c) 200 V. (d) S-P calculated confining
potential profile and Fermi energy in a larger range. (e)-(f) S-P calculated subband dispersions in parabolic approximation at
(e) 0 V, (f) 50 V and (g) 200 V.
by VG, as shown by the purple curves in Fig. 2(a) and
2(b), can be calculated using a parallel plate capacitor
model [29, 30]:
ntotG (V G) =
0
edSTO
r(V G)V G, (1)
where 0 is the vacuum permittivity, e is the electron
charge and dSTO is the thickness of the STO substrate
(0.5 mm). The field-dependent permittivity of the STO
substrate r(V G) is calculated following Ref. [31]:
r(E) = 1 +
B
[1 + (E/E0)2]1/3
, (2)
where the electric field E = V G/dSTO, B = 2.55× 104
and E0 = 8.22× 104 V/m. In FSirrev regimes, as shown
in Fig. 2(a), a part of ntotG becomes gate-induced trapped
electrons (ntrG) in STO. Subtracting n
tr
G from n
tot
G will
give the amount of gate-induced mobile electrons (nmG)
which are doped into the QW. We find that the relation
between ntrG and VG can be described using the following
expression:
ntrG(V G) = N(1− e−
VG
200 ), (3)
which yields the yellow curve, where N =
1.85× 1013 cm−2. The subtraction (ntotG −ntrG=nmG)
is given by the green curve, and gives a good description
of the measured nmG (open black circle). In BS regimes,
as shown in Fig. 2(b), ntotG is given by VG according
to Eq. (1). However, the value of ntrG is fixed at the
ntrG(V
max
G ). Thus, n
m
G is smaller than its counterpart in
FSirrev regimes. In both BS regimes the calculated n
m
G
is in good agreement with the experimental data. More-
over, due to the field-dependent permittivity, dntotG /dVG
is decreasing as VG increases. As a consequence, the
same negative ∆VG removes more mobile electrons at
50 V than at 200 V, which could explain the fact that Rs
increases faster in BS1 than in BS2. It should be noted
that the empirical formula of ntrG(VG) is not universal,
but instead varies among samples. We performed similar
VG sweeps on two reference samples and observed
slightly different VG dependence of Rs (see Fig. S5 in
Ref. [24]). Thus, ntrG(VG) should always be obtained
from experimental results.
Next, we study the spatial distribution of the trapped
electrons. The self-consistent Schro¨dinger-Poisson (S-P)
model is a tool to study the charge distribution and band
occupation [16, 26, 32–34]. S-P calculations are based on
the effective mass and envelope wave function approxi-
mations. Due to the orbital orientation, dxy and dxz,yz
orbitals are heavy and light in the z direction, respec-
tively. Here, we take the effective mass as m∗zxy = 14 me
and m∗zxz,yz = 0.7 me [15, 16, 33], where me is the electron
rest mass. We take z > 0 to be STO and z < 0 to be LAO,
as shown in the inset of Fig. 2(a). In the original state,
there are initial mobile electrons (nm0 , 1.41× 1013 cm−2
in our sample) and initial trapped electrons (ntr0 ) on the
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FIG. 4. VG dependence of Rs at 4.2 K. Backward sweeps were
performed from 10 V to 50 V. Note that BS and FSrev overlap
perfectly.
STO side, and an equivalent amount of positive charges
on the LAO side to keep overall charge neutrality.
The spatial distributions of the trapped electrons, both
ntr0 and n
tr
G(VG), are input parameters of the S-P model,
which effectively influence the VG dependent occupation
of the dxy and dxz,yz bands. In our calculations, we ob-
tain the best results by using the following distribution
of the trapped electrons:
ntr3D(z, V G) =
{
0 for z < 0
ntr0 +n
tr
G(V G)
λ e
− zλ for z > 0
(4)
where ntr0 = 6.4× 1013 cm−2 and λ = 30 nm. The inte-
gration range is from 0 nm to 100 nm, which is divided
into 2000 equal sections. The calculated evolutions of
nxy and nxz,yz in FSirrev and BS regimes are shown in
Fig. 2(c) and 2(d), closely agreeing with the experimen-
tal data.
Based on the above analysis, we could obtain the con-
fining potential profile, the Fermi energy and the spatial
distribution of mobile electrons occupying the dxy and
dxz,yz bands. Fig. 3(a)-(c) show the results at 0 V, 50 V
and 200 V, respectively. The mobile electrons are con-
fined within ∼10 nm at the interface, which agrees with
the reported spatial distribution of the Q2DEG [35–37].
Fig. 3(d) shows the confining potential in a larger range.
It can be seen that in all cases the Fermi level is well be-
low the top of the QW, therefore the probability of mobile
electrons thermally escaping (kBT (4.2 K) ≈ 0.36 meV)
from the QW should be very low. The subband disper-
sions of the three cases are shown in Fig. 3(e)-(g). We
note that increasing VG decreases the spacing between
the subband levels.
In order to check the thermal escape mechanism [19]
in more detail, we warmed up the device to room tem-
perature to remove the electron trapping effect [18]. The
device was cooled down to 4.2 K again and multiple back-
ward sweeps were performed from 10 V to 50 V. As shown
in Fig. 4, a growing Rs separation between FSirrev and
BS can be clearly seen as V maxG increases. In the ther-
mal escape mechanism, it is stated that electron trapping
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FIG. 5. (a)-(b) Dynamic change of Rs during VG sweeps in
(a) FSirrev and (b) BS regimes. VG was swept at a rate of
0.1 V/s. Rs measurements kept on going for several minutes
after the stabilization of VG. (c)-(d) Dynamic change of Rs
after VG sweeps in (c) FSirrev and (d) BS regimes.
only occurs after Rs (or ntot) reaches its saturation. How-
ever, our experiment clearly shows that electron trap-
ping occurs immediately when positive VG is applied and
the amount of trapped electrons increases as V maxG in-
creases. So we can rule out the thermal escaping of mo-
bile electrons to be the mechanism for electron trapping.
Moreover, similar irreversible behavior has been also re-
ported in other Q2DEG systems, such as LaTiO3/STO
[19], LaVO3/STO [21], (LaAlO3)0.3(Sr2AlTaO6)0.7/STO
[38] and amorphous LAO/STO [39]. Therefore the elec-
tron trapping phenomenon must be intrinsic to the STO
substrate.
We propose a two-step trapping mechanism which in-
volves the redistribution of oxygen vacancies (VOs) in
STO under influence of an electric field. The first step is
the electromigration of VOs. Among all types of defects
in STO, VO has the lowest activation enthalpy for mi-
gration [40]. Electromigration of VOs in STO has been
reported in previous works [41–43]. The second step is
the clustering of VOs. It has been calculated that VOs
clustering could form in-gap trapping states [44, 45], of
which the energy was recently determined to be ∼0.31 eV
and ∼1.11 eV below the conduction band [46]. Fig. 5
shows the dynamic resistance change during and after
VG sweeps in the FSirrev and BS regimes. The electron
trapping mechanism can then be explained as follows. In
FSirrev regimes as shown in Fig. 5(a), the effect of in-
creasing VG is twofold. One is to add electrons into the
QW. The other is to push positively charged VOs mi-
grating toward the interface. The clustering of the accu-
mulated VOs then forms in-gap trapping states. Several
sudden resistance jumps can be clearly seen during VG
5sweeps, which might be due to the formation of big VO
clusters. Moreover, after stabilizing the gate voltage as
shown in Fig. 5(c), the electromigration and clustering
of VOs do not stop immediately. Newly formed in-gap
states still trap conduction electrons, resulting in an im-
mediate increase of Rs when VG stabilizes. In BS and
FSrev regimes as shown in Fig. 5(b) and 5(d), sweeping
VG only changes the carrier density in the QW without
modifying the defect landscape near the interface. There-
fore the system can be tuned in a reversible manner.
In summary, we have studied the electron trapping
phenomenon in LAO/STO heterostructures under back-
gate voltages. By combing magnetrotransport measure-
ments and self-consistent Schro¨dinger-Poisson calcula-
tions, we have identified a relation between the amount of
trapped electrons and the gate voltage as well as the spa-
tial distribution of the trapped electrons. We have pro-
posed a new trapping mechanism which involves the elec-
tromigration and clustering of oxygen vacancies in STO,
since our analysis shows that the thermal escape mech-
anism is not valid. Our work improves the understand-
ing of back-gating experiments in LAO/STO heterostruc-
tures. It is also valuable for theoretical works [33, 47, 48],
where the assumption was that all the gate-induced elec-
trons land in the QW. This assumption clearly needs
to be reconsidered. Equally importantly, our work indi-
cates that electron trapping is a universal phenomenon in
SrTiO3-based two-dimensional electron systems, which is
instructive to future applications of complex oxide elec-
tronic devices.
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Supplemental Material
HALL BAR DEVICE FABRICATION
Before the Hall bar device fabrication, the SrTiO3
(001) substrate (5×5×0.5 mm3) (CrysTec GmbH) was
etched by buffered hydrofluoric acid and annealed at
980 ◦C in an oxygen flow of 150 sccm for 1 h in order to
form a TiO2-terminated surface [49]. The device was
fabricated by photolithography. First, a resist mask was
patterned (Fig. 6(a)-(c)). The photoresist was OiR 907-
12 (Fujifilm) and the exposure time was 6 s. The devel-
oper was OPD 4262 (Fujifilm) and the development time
was 1 min. Next, a 15 nm AlOx layer was sputtered as a
hard mask (Fig. 6(d)). The resist mask was then lifted
by acetone (Fig. 6(e)). Finally, a 15 unit cells LaAlO3
film was deposited by 90◦ off-axis sputtering (Fig. 6(f)).
The LAO film was grown at 800 ◦C in an Ar pressure of
0.04 mbar, followed by an in situ oxygen annealing treat-
ment at 600 ◦C in 1 mbar of oxygen for 1 h [23]. Only
the interface between crystalline LAO and STO was con-
ducting. The width of the Hall bar was 150 µm and the
length was 1.0 mm. AFM images of the Hall bar channel
before and after LAO film deposition are shown in Fig.
7. Atomic steps with an average terrace width of 100 nm
can be clearly observed before and after deposition.
AlOx
Photoresist
STO
c-LAO
a-LAO
(a) (b) (c)
(d) (e) (f)
FIG. 6. Schematic representation of the Hall bar device fab-
rication process. (a) Spin coating. (b) Exposure. (c) De-
velopment. (d) AlOx hard mask deposition. (e) Lift-off.
(f) LaAlO3 film deposition. a-LaAlO3 and c-LaAlO3 stand
for amorphous LaAlO3 and crystalline LaAlO3, respectively.
Only the interface between c-LAO and STO is conducting.
(a) (b)
FIG. 7. AFM images (5×5 µm2) of the Hall bar channel taken
before (a) and after (b) LaAlO3 film deposition.
6GATE VOLTAGE SWEEPS ON A FILM SAMPLE
MEASURED IN THE VAN DER PAUW
GEOMETRY
We also measured an unpatterned film sample in the
van der Pauw geometry at 4.2 K. VG was swept between
± 150 V. As shown in Fig. 8, the metal-insulator transi-
tion (MIT) was not observed in this case. Similar Rs−VG
dependence has been reported in Ref. [19]. The expla-
nation might be that in the van der Pauw geometry the
conduction paths are not strictly defined. It is possible
to measure Rs even at the maximum negative VG. While
in the Hall bar device, it is easier to pinch off the narrow
contacts than the wide channel, resulting in the observed
MIT [28].
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FIG. 8. VG dependence of Rs measured on an unpatterned
film sample in the van der Pauw geometry.
CARRIER DENSITY AND MOBILITY FITTING
The carrier density and mobility of the dxy and dxz,yz
bands were extracted by fitting the magnetotransport
data with a two-band model [26]:
Rxy =
B
e
n1µ
2
1
1+µ21B
2 +
n2µ
2
2
1+µ22B
2
( n1µ1
1+µ21B
2 +
n2µ2
1+µ22B
2 )2 + (
n1µ21B
1+µ21B
2 +
n2µ22B
1+µ22B
2 )2
,
(5)
with the constraint 1/Rs = en1µ1 + en2µ2, where n1 and
n2 are the carrier densities of the dxy and dxz,yz bands,
and µ1 and µ2 are the corresponding mobilities. The fit-
ting of the irreversible forward sweep (FSirrev) and back-
ward sweep (BS) regimes is shown in Fig. 9. The fitting
of the reversible forward sweep (FSrev) regimes is similar
to that of BS, which is therefore omitted.
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FIG. 9. Two-band model fitting of the transverse resistance
versus magnetic field at different gate voltages in regime of
(a) First FSirrev, (b) First BS, (c) Second FSirrev, and (d)
Second BS. The black lines are the fitting curves. The curves
are separated by an offset for clarity.
7GATE VOLTAGE SWEEPS ON REFERENCE
DEVICES
Two reference devices were fabricated under the same
conditions as described above and the same VG sweeps
were performed. As shown in Fig. 10, the two sam-
ples behave slightly differently, which indicates that the
amount of defects and their distribution at the interface
are different from sample to sample.
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FIG. 10. Rs versus VG of two reference devices at 4.2 K.
[1] H. Y. Hwang, Y. Iwasa, M. Kawasaki, B. Keimer, N. Na-
gaosa, and Y. Tokura, Nature Materials 11, 103 (2012).
[2] A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004).
[3] N. Reyren, S. Thiel, A. D. Caviglia, L. F. Kourkoutis,
G. Hammerl, C. Richter, C. W. Schneider, T. Kopp, A.-
S. Ruetschi, D. Jaccard, M. Gabay, D. A. Muller, J.-M.
Triscone, and J. Mannhart, Science 317, 1196 (2007).
[4] A. Brinkman, M. Huijben, M. V. Zalk, J. Huijben,
U. Zeitler, J. C. Maan, W. G. V. D. Wiel, G. Rijnders,
D. H. A. Blank, and H. Hilgenkamp, Nature Materials
6, 493 (2007).
[5] Ariando, X. Wang, G. Baskaran, Z. Q. Liu, J. Huijben,
J. B. Yi, A. Annadi, A. R. Barman, A. Rusydi, S. Dhar,
Y. P. Feng, J. Ding, H. Hilgenkamp, and T. Venkatesan,
Nature Communications 2, 188 (2011).
[6] J.-S. Lee, Y. W. Xie, H. K. Sato, C. Bell, Y. Hikita, H. Y.
Hwang, and C.-C. Kao, Nature Materials 12, 703 (2013).
[7] L. Li, C. Richter, J. Mannhart, and R. C. Ashoori, Na-
ture Physics 7, 762 (2011).
[8] J. A. Bert, B. Kalisky, C. Bell, M. Kim, Y. Hikita, H. Y.
Hwang, and K. A. Moler, Nature Physics 7, 767 (2011).
[9] R. C. Neville, B. Hoeneisen, and C. A. Mead, Journal of
Applied Physics 43, 2124 (1972).
[10] S. Thiel, G. Hammerl, A. Schmehl, C. W. Schneider, and
J. Mannhart, Science 313, 1942 (2006).
[11] A. D. Caviglia, S. Gariglio, N. Reyren, D. Jac-
card, T. Schneider, M. Gabay, S. Thiel, G. Hammerl,
J. Mannhart, and J.-M. Triscone, Nature 456, 624
(2008).
[12] M. B. Shalom, M. Sachs, D. Rakhmilevitch, A. Palevski,
and Y. Dagan, Physical Review Letters 104, 126802
(2010).
[13] A. D. Caviglia, M. Gabay, S. Gariglio, N. Reyren, C. Can-
cellieri, and J.-M. Triscone, Physical Review Letters
104, 126803 (2010).
[14] M. Salluzzo, J. C. Cezar, N. B. Brookes, V. Bisogni,
G. M. D. Luca, C. Richter, S. Thiel, J. Mannhart,
M. Huijben, A. Brinkman, G. Rijnders, and G. Ghir-
inghelli, Physical Review Letters 102, 166804 (2009).
[15] A. F. Santander-Syro, O. Copie, T. Kondo, F. Fortuna,
S. Pailhe`s, R. Weht, X. G. Qiu, F. Bertran, A. Nicolaou,
A. Taleb-Ibrahimi, P. Le Fe`vre, G. Herranz, M. Bibes,
N. Reyren, Y. Apertet, P. Lecoeus, A. Barthe´le´my, and
M. J. Rozenberg, Nature 469, 189 (2011).
[16] A. E. M. Smink, J. C. de Boer, M. P. Stehno,
A. Brinkman, W. G. van der Wiel, and H. Hilgenkamp,
Physical Review Letters 118, 106401 (2017).
[17] A. Joshua, S. Pecker, J. Ruhman, E. Altman, and
S. Ilani, Nature Communications 3, 1129 (2012).
[18] C. Bell, S. Harashima, Y. Kozuka, M. Kim, B. G. Kim,
Y. Hikita, and H. Y. Hwang, Physical Review Letters
103, 226802 (2009).
[19] J. Biscaras, S. Hurand, C. Feuillet-Palma, A. Rastogi,
R. C. Budhani, N. Reyren, E. Lesne, J. Lesueur, and
N. Bergeal, Scientific Reports 4, 6788 (2014).
[20] W. Liu, S. Gariglio, A. Feˆte, D. Li, M. Boselli, D. Stor-
naiuolo, and J.-M. Triscone, APL Materials 3, 062805
(2015).
[21] H. Liang, L. Cheng, L. Wei, Z. Luo, G. Yu, C. Zeng, and
Z. Zhang, Physical Review B 92, 075309 (2015).
[22] G. N. Daptary, P. Kumar, A. Dogra, and A. Bid, Phys-
ical Review B 98, 035433 (2018).
[23] C. Yin, D. Krishnan, N. Gauquelin, J. Verbeeck, and
J. Aarts, arXiv:1811.00953.
[24] See Supplemental Material for device fabrication, mea-
surements on an unpatterned film sample, two-band
model fitting and measurements on two reference Hall
bar devices.
[25] It should be noted that the MIT can only be observed
in Hall bar devices, but not in unpatterned film samples
measured by the van der Pauw method. See Fig. S3 in
Ref. [22].
[26] J. Biscaras, N. Bergeal, S. Hurand, C. Grossette, A. Ras-
togi, R. C. Budhani, D. Leboeuf, C. Proust, and
J. Lesueur, Physical Review Letters 108, 247004 (2012).
[27] Y. C. Liao, T. Kopp, C. Richter, A. Rosch, and
J. Mannhart, Physical Review B 83, 075402 (2011).
[28] A. E. M. Smink, M. P. Stehno, J. C. de Boer,
A. Brinkman, W. G. van der Wiel, and H. Hilgenkamp,
Physical Review B 97, 245113 (2018).
[29] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A.
Firsov, Science 306, 666 (2004).
[30] T. Ihn, Semiconductor nanostructures: quantum states
and electronic transport (Oxford University Press, 2015).
[31] S. Gariglio, A. Feˆte, and J.-M. Triscone, Journal of
Physics: Condensed Matter 27, 283201 (2015).
[32] F. Stern, Physical Review B 5, 4891 (1972).
[33] N. Scopigno, D. Bucheli, S. Caprara, J. Biscaras,
N. Bergeal, J. Lesueur, and M. Grilli, Physical Review
Letters 116, 026804 (2016).
[34] D. Li, S. Lemal, S. Gariglio, Z. Wu, A. Feˆte, M. Boselli,
P. Ghosez, and J.-M. Triscone, Advanced Science 5,
1800242 (2018).
8[35] M. Basletic, J.-L. Maurice, C. Carre´te´ro, G. Herranz,
O. Copie, M. Bibes, E. Jacquet, K. Bouzehouane,
S. Fusil, and A. Barthe´le´my, Nature Materials 7, 621
(2008).
[36] M. Sing, G. Berner, K. Goß, A. Mu¨ller, A. Ruff,
A. Wetscherek, S. Thiel, J. Mannhart, S. A. Pauli, C. W.
Schneider, P. R. Willmott, M. Gorgoi, F. Scha¨fers, and
R. Claessen, Physical Review Letters 102, 176805 (2009).
[37] N. Reyren, S. Gariglio, A. D. Caviglia, D. Jaccard,
T. Schneider, and J.-M. Triscone, Applied Physics Let-
ters 94, 112506 (2009).
[38] V. V. Bal, Z. Huang, K. Han, Ariando, T. Venkate-
san, and V. Chandrasekhar, Applied Physics Letters
111, 081604 (2017).
[39] A. V. Bjørlig, M. V. Soosten, R. Erlandsen, R. T. Dahm,
Y. Zhang, Y. Gan, Y. Chen, N. Pryds, and T. S. Jes-
persen, Applied Physics Letters 112, 171606 (2018).
[40] V. Metlenko, A. H. H. Ramadan, F. Gunkel, H. Du,
H. Schraknepper, S. Hoffmann-Eifert, R. Dittmann,
R. Waser, and R. A. D. Souza, Nanoscale 6, 12864
(2014).
[41] J. Hanzig, M. Zschornak, F. Hanzig, E. Mehner,
H. Sto¨cker, B. Abendroth, C. Ro¨der, A. Talkenberger,
G. Schreiber, D. Rafaja, S. Gemming, and D. C. Meyer,
Physical Review B 88, 024104 (2013).
[42] Y. Lei, Y. Li, Y. Z. Chen, Y. W. Xie, Y. S. Chen, S. H.
Wang, J. Wang, B. G. Shen, N. Pryds, H. Y. Hwang,
and J. R. Sun, Nature Communications 5, 5554 (2014).
[43] Y. Li, S. J. Peng, T. T. Mao, D. J. Wang, K. M. Wu, J. R.
Sun, and J. Zhang, AIP Advances 7, 055821 (2017).
[44] N. Shanthi and D. D. Sarma, Physical Review B 57, 2153
(1998).
[45] D. D. Cuong, B. Lee, K. M. Choi, H.-S. Ahn, S. Han,
and J. Lee, Physical Review Letters 98, 115503 (2007).
[46] C. Baeumer, C. Funck, A. Locatelli, T. O. Mentes¸,
F. Genuzio, T. Heisig, F. Hensling, N. Raab, C. M.
Schneider, S. Menzel, R. Waser, and R. Dittmann, Nano
Letters 19, 54 (2018).
[47] S. Caprara, F. Peronaci, and M. Grilli, Physical Review
Letters 109, 196401 (2012).
[48] D. Bucheli, M. Grilli, F. Peronaci, G. Seibold, and
S. Caprara, Physical Review B 89, 195448 (2014).
[49] G. Koster, B. L. Kropman, G. J. H. M. Rijnders, D. H. A.
Blank, and H. Rogalla, Applied Physics Letters 73, 2920
(1998).
